Myocardial infarction (MI) and the resulting complications, due to cardiac remodelling and scar formation, are a major cause of death and morbidity in the Western countries [1] . Therefore, influencing myocardial remodelling, resulting in the reduction of necrosis and the advancement of discrete but resilient scar formation, might be a major therapeutic strategy [2] .
Introduction
Myocardial infarction (MI) and the resulting complications, due to cardiac remodelling and scar formation, are a major cause of death and morbidity in the Western countries [1] . Therefore, influencing myocardial remodelling, resulting in the reduction of necrosis and the advancement of discrete but resilient scar formation, might be a major therapeutic strategy [2] .
The mechanisms of post-infarction remodelling have been studied extensively [3, 4] 
. It is well understood that with the beginning of the infarction a strong inflammatory response is initiated, which later ceases until the infarction area is remodelled into a thin and largely acellular collagenous scar. Although the mechanisms of the onset of inflammation have already been elucidated, little is known on how this inflammatory response is primarily maintained
and, later on, terminated [5] .
In (TIMPs) [6, 7] . Macrophages are known to induce a profound inflammatory response, depending on their distinct activation type [8] . The 'classical' (inflammatory) activation of macrophages, which comprises the production of nitric oxide (NO) and the induction of the pro-inflammatory cytokines interleukin 1 ␤ (IL1␤), interleukin 6 (IL6) and tumour necrosis factor ␣ (TNF␣), results in a strong inflammatory reaction in the host tissue. However, a non-inflammatory expressional phenotype has also been described for macrophages [9] . This 'alternatively' activated phenotype features the induction of arginase 1 
myocardial infarction as well as in other inflammatory processes, macrophages play a pivotal role. Their main functions include phagocytosis of cellular debris from the site of myocardial damage, paracrine stimulation by secretion of cytokines and the reorganization of the tissue matrix by production of metalloproteinases (MMPs) and their inhibitors

and 2 (ARG1, 2) instead of inducible nitric oxide synthase (iNOS). Arginases compete with iNOS and deplete arginine stores of macrophages and produce polyamines and proline instead of NO, products
especially important for cell differentiation and collagen production, respectively [10] . Hence, classically activated macrophages are associated with inflammation, whereas alternatively activated macrophages have been found to promote fibrosis, wound healing, neovascularization and granuloma formation [11] . Recently, several populations of macrophages that do not fit into the rigid classification of classical and alternative activation have been described, and it has been proposed that these macrophages are capable of reacting to different surroundings rather flexibly [8, [11] [12] [13] [14] .
Although 
Methods
Mouse model of myocardial infarction
Mice were subjected to coronary artery occlusion (n ϭ 103, C57bl6, Charles River Laboratories, Sulzfeld, Germany) and randomized in three groups of 2, 5 or 10 days survival after myocardial infarction, respectively. Twenty-three mice were sham-operated. All surgical procedures were performed as described recently [15] . In brief, the mice were anaesthetized intraperitoneally by injection of ketamine (100 mg/kg body weight) and xylazine (6 mg (Fig. 1D) [6] . In contrast, genes like matrix metallopeptidase 2 (MMP2), even though increased in the infarcted zone, did not fulfil these criteria and were considered as not being transcribed by macrophages during myocardial infarction (Fig. 1E) .
MACS). (C) Representative HE-staining of infarcted tissue, which was used for immunohistochemistry. The infarcted tissue was used to investigate the time course of activation type-specific genes. It was isolated 2, 5 and 10 days after myocardial infarction and compared with sham-operated mice. (D) qRT-PCR of genes known to be expressed by macrophages after MI. Fold changes (FC) are expressed relative to mRNA abundance in myocardial infarction (MI), which was set to 1. Both targets, toll-like receptor 2 (TLR2) and colony stimulating factor 2 (CSF2, also designated GM-CSF), are strongly expressed in macrophages compared with MI, BZ, MonoB and LV. This indicates that these genes are transcribed infarct-specific and derive predominantly from macrophages after myocardial infarction. (E) Matrix metalloproteinase 2 (MMP2) is not transcribed by macrophages after myocardial infarction. Even though up-regulated in myocardial infarction versus LV, the FC of macrophages versus LV is less than 1. (FC, fold change; LV, left ventricle; MonoB, monocytes isolated from blood; BZ, border zone of infarcted area; MI, entire infarcted area; MAC, macrophages isolated from infarcted area; each n ϭ 6).
Phenol-chloroform extraction of total RNA
Quantitative real-time polymerase chain reaction
Results of microarray experiments were validated by quantitative real-time polymerase chain reaction (qRT-PCR), for which a de novo series of mice were operated. Infarct specificity of differentially expressed genes in macrophages was verified by comparing the transcriptional FC of all genes of interest to the targets' transcriptional level of monocytes isolated from the blood of healthy mice (n ϭ 5).
Therefore, gene-specific primers were synthesized using data from the PrimerBank database [18] (Fig. 1B) . This is in line with previously published results [3] , demonstrating that monocytes have mainly differentiated into macrophages and are the predominant inflammatory cell type during this phase of infarct healing. Fig. 1A ) and RNA isolated from blood monocytes of healthy mice. Fig. 3A and B (Fig. 3C) .
Results
The survival rate after coronary artery ligation was 91% after 2 days, 87% after 5 days and 93% after 10 days. HE-sections of operated mice showed the typical time course of infarct remodelling, beginning with accumulation of inflammatory cells and followed by the loss of myocytes and scar tissue formation, which was characterized by an increased amount of interstitial tissue (Fig. 1C). More than 90% of the isolated cells showed a co-localization of CD11b and the macrophage-specific antigen F4/80
Microarray analysis
Microarray analyses revealed that, within the infarcted zone, 68 genes derive predominantly from macrophages, 391 targets derived from other cell types and 1876 targets, even though up-regulated in macrophages, were also transcribed by other cell types. Among the 68 genes predominantly transcribed by macrophages, we identified strong up-regulation of targets that are specific for the classical and alternatively activated phenotype as well as genes that deactivate macrophages (Table 1). Tumour necrosis factor ␣ (TNF␣), interleukin 6 (IL6) and interleukin 1␤ (IL1␤), all typical for classically activated macrophages, showed strong up-regulation. At the same time, we found increased mRNA abundance of genes (chitinase 3-like 3, CHI3L3; resistin like alpha, RETNLA; arginase 1, ARG1; arginase 2, ARG2; mannose receptor, C type 1, MRC1) known to be specific for the alternatively activated macrophage 5 days after myocardial infarction. Deactivated macrophages were represented by strong up-regulation of suppressor of cytokine signalling 3 (SOCS3), interleukin 10 (IL10) and interleukin 1 receptor antagonist (IL1ra), which are known to be involved in reduction of the inflammatory response.
Classical activation type-specific transcription of macrophages
To validate the finding of a co-existence of different macrophage sub-sets, we performed qRT-PCR and immunohistochemistry. Besides total RNA isolated from macrophages and the infarcted zone, we also investigated the healthy left ventricle, the infarct border zone (BZ,
TNF␣ and IL6, which are characteristic for the classically activated type of macrophages, showed strong up-regulation after myocardial infarction. In the entire infarcted zone, TNF␣ was increased 16.7-fold compared with LV-controls (Fig. 2A). TNF␣ in macrophages was increased 183.3-fold compared with MI. Immunostaining of infarcted tissue with antibodies against TNF␣ and F4/80 showed a time-dependent expression (
IL6 was increased 157.1-fold in the entire infarcted area compared with LV-controls and, furthermore, increased 14.0-fold in macrophages compared with infarcted myocardium (Fig. 2B) compared with infarcted area (Fig. 2D and E) . Immunohistochemistry demonstrated that ARG1 is expressed only by a small proportion of macrophages after 2 days (8.4 ϩ/-0.7%; n ϭ 5) (Fig. 4A and B) . (Fig. 4C) . CHI3L3, which is also a gene for alternative activation, showed increased mRNA abundance in macrophages compared with the entire infarcted zone (16.5-fold) (Fig. 2F) Fig. 2H and I) . A basal transcription was observed for IL10 and SOCS3 in healthy LV (Fig. 2G and I [20] [21] [22] . On the other hand, the dogma that scar formation after myocardial infarction is an irreversible process has been challenged by new findings [23] [28] . Our data demonstrate that also during wound healing after myocardial infarction, invading monocytes differentiate into macrophages, which show a time-dependent appearance of different activation types (Fig. 6A) .
Table 1 Targets involved in macrophage activation assessed by microarray analysis (ϩ) Target genes predominantly expressed by macrophages; (ϩ/-) targets up-regulated in myocardial infarction but not predominantly by macrophages; (Ϫ) targets expressed by other cell types during myocardial infarction but not by macrophages.
Fig. 2 qRT-PCR of genes specific for the classical, the alternative activated type of macrophages and deactivating targets 5 days after myocardial infarction. All fold changes (FC) are expressed relative to mRNA abundance in myocardial infarction (MI), which was set to 1. Tumour necrosis factor ␣ (TNF␣) (A), interleukin 6 (IL6) (B) and interleukin 1␤ (IL1␤) (C) are all strongly up-regulated in macrophages compared with myocardial infarction, BZ, MonoB and LV. This indicates a myocardial-specific regulation predominantly in macrophages. Arginase 1 (ARG1) (D), arginase 2 (ARG2) (E) and chitinase3 like 3 (CHI3L3, also designated YM1) (F) are mainly transcribed by macrophages compared with MI, BZ and LV. In connection with ARG2 as well as CHI3L3, a moderate transcription was also detected in monocytes isolated from blood compared with MI, BZ and LV, which indicates an incomplete cardiac-specific expression. Suppressor of cytokine signalling 3 (SOCS3) (G), interleukin 1 receptor antagonist (IL1rn) (H) and interleukin 10 (IL10) (I)
Discussion
Attempts to modulate inflammation or to interfere with extracellular matrix (ECM) deposition after myocardial infarction had no clinical relevancy or even adverse negative effects on therapeutical outcome
In the beginning, the inflammatory response triggers the recruitment of leucocytes into the infarcted area. Neutrophils and macrophages remove dead cells and matrix debris from the affected zone [3, 5] . We could show that, during this phase, the classically activated macrophage dominates the infarcted zone, which accounts for a strong pro-inflammatory release of cytokines like TNF␣, IL6 and IL1␤.
After the inflammatory phase, the proportion of alternatively activated macrophages increased significantly. The induction of alternative activation is known to trigger tissue repair [12, 29, 30] . Especially arginase-induced reduction of nitric oxide and the production of polyamines and proline, an important component of collagens involved in repairing extracellular matrix, point towards an important function of alternatively activated macrophages in connection with scar formation [31] .
Finally, during the maturation phase of myocardial remodelling, anti-inflammatory genes like IL10 and IL1ra are predominantly expressed by macrophages, which delimit the inflammatory response, thereby preventing an over-expansion of the inflammatory processes into the border zone of the infarcted area.
Taken together, the role of macrophages is not restricted to the induction of inflammation and to the clearance of cellular debris in order to provide space for the scar-forming myofibroblasts. Our findings underline previously published results that macrophages play a central role in scar tissue formation [3, 5, 6, 25, 26] and orchestrate the different phases of tissue remodelling after myocardial infarction [32, 33] .
The question, whether macrophages change their activation profile over a longer period of time, or if different sub-sets of monocytes, which differ in their activation profile, enter the infarcted area at different time points after MI, has to be subjected to further investigations. However, Nahrendorf et al. [34] demonstrated that the infarcted zone sequentially and actively recruits two different monocyte sub-populations via CCR2
